Macrophages in tumor microenvironment are mostly M2-polarized -and have been reported to promote tumorigenesis, which are also defined as tumor-associated macrophages (TAMs). Here, we examined the regulatory effects of Huaier extract on TAMs using RAW264.7 murine macrophage cell line. Our data demonstrated that Huaier extract could inhibit the infiltration of macrophages into tumor microenvironment in a dose-dependent manner. By performing RT-PCR, immunofluorescence and phagocytosis assay, we were able to find that Huaier extract could regulate the polarization of macrophages, with decreased M2-polarization and increased phagocytosis of RAW264.7 cells. Moreover, we identified that Huaier extract could suppress macrophages-induced angiogenesis by using HUVEC migration assay, tube formation and chorioallantoic membrane assay. Additionally, western blotting showed decreased expression of MMP2, MMP9 and VEGF with the use of Huaier extract. Finally, we found that Huaier extract could inhibit M2-macrophages infiltration and angiogenesis through treating 4T1 tumor bearing mice with Huaier extract. Our study revealed a novel mechanism of the anti-tumor effect of Huaier extract which inhibited angiogenesis by targeting TAMs. These findings provided that Huaier was a promising drug for clinical treatment of breast cancer.
Transwell migration assay. In vitro cell migration assay was performed using the Transwell system (24-wells, 8-μ m pore size with polycarbonate membrane; Corning Costar, Lowell, MA, USA). Briefly, RAW264.7 cells and HUVEC cells were harvested and suspended in serum-free medium, then 1 × 10 5 cells were added to the upper wells. The conditioned media from 4T1 and RAW264.7 cells treated with different concentrations of Huaier extract were mixed with complete media (v/v 1:1), then 700 μ l of the mixture were added to the lower chamber. After treatment for 24 h, the cells attached to the lower surface were fixed with methanol and stained with 0.2% Giemsa. The number of cells migrated were acquired in five randomized fields using an Olympus light microscope 13 .
Immunofluorescence microscopy. Cells grown on glass coverslips were rinsed once with PBS and fixed in paraformaldehyde for 20 min at room temperature (RT). Cells were then washed 3 times with PBS and blocked with 10% goat serum for 45 min. Cells were then incubated with rabbit anti-mouse CD206 (1:100) overnight in 4 °C, washed again, and incubated with Rhodamine-conjugated goat anti-rabbit IgG for 1 h. After washing with PBS, cells were further stained with 4, 6-diamidino-2-pheny-lindole (DAPI) for 5 min. Finally, cells were washed, mounted, and examined with an Olympus light microscope.
Phagocytosis assay.
To quantify the phagocytosis ability of -Huaier-treated macrophages, FITC-Dextran uptake was monitored by FACS as described by Stumbles et al. 14 . Briefly, 2 × 10 5 macrophages were suspended in 100 μ l DMEM, then 50 μ l 4 mg/ml dextran (molecular weight 40,000) was added for 1 h at 37 °C or 4 °C. Cells were washed three times with PBS and the fluorescence intensity was determined by FACS.
Tube formation assay. The ability of HUVEC cells given to different conditioned media from RAW264.7 cells to form network structures was tested on Matrigel basement membrane matrix (BD Biosciences, San Jose, CA, USA). First of all, 70 μ l Matrigel were plated per well on 96-well plates and incubated for 30 min. Subsequently, 100 μ l of HUVEC cells suspended in RAW264.7-CM containing 5% FBS at a density of 1.5 × 10 5 /ml were added to each plates. After 4 h of incubation at 37 °C, tube-like structures were photographed with an Olympus digital camera.
Chick chorioallantoic membrane (CAM) assay. The angiogenic activity was evaluated using a CAM assay as described previously 15 with small modifications. Briefly, fertilized chicken eggs (6 eggs/group) were incubated at 38 °C in an 80% humidified atmosphere. On developmental day 7, a square window was opened in the shell. On the following day, gelatin sponges (0.3 cm × 0.3 cm × 0.3 cm) containing PBS or RAW264.7-CM were placed on the top of the growing CAMs under sterile conditions. After 72 h of incubation, the CAMs were photographed using an Olympus Live View Digital SLR camera. Animals and tumor model. Twelve BALB/c female mice, 4-5 weeks old, purchased from the Center for New Drugs Evaluation of Shandong University, were randomly divided into two groups. All the experiments were approved by the institutional guidelines of the Animal Care and Use Committee at Shandong University. 4T1 cells (1 × 10 6 ) were subcutaneously injected into the left hypogastrium of each mouse. solution containing 75 mg Huaier extract or water was given by gavage to each mouse every day as therapeutic models. After 21 days, the mice were sacrificed, and the tumors were removed for immunohistochemical staining.
Immunohistochemistry (IHC).
The tumor tissues were fixed in 10% neutral-buffered formalin. After 48 h, the tissues were paraffin-embedded and then sliced into 4-μ m section for further IHC. Briefly, the sections were deparaffinized and rehydrated, followed by antigen retrieval with pH 6.0 citrate buffer. 3% H 2 O 2 was used to inhibit endogenous peroxidase activity, and the sections were incubated with 10% normal goat serum to block non-specific binding. After incubation with anti-CD31 antibody or anti-CD206 antibody at 4 °C overnight, the sections were washed with PBS and then treated with biotinylated anti-immunoglobulin antibody for 30 min and reacted with HRP-conjugated streptavidin. Then the DAB substrate system (Maixin Bio, Fuzhou, China) was used, followed by counterstaining with hematoxylin. The images of tumor tissues were taken by an Olympus light microscope. The number of TAMs in each field was automatically counted using Image-pro plus 6.0, and the MVD was manually assessed at ×100 magnification simultaneously by two experienced investigators.
Real-time PCR. Total RNA was isolated with TRIZOL reagents according to the manufacturer's protocol.
cDNA was synthesized from 1 μ l of total RNA by a PrimerScript RT Reagent kit (TaKaRa). Real-time quantitative RT-PCR was performed using a SYBR green PCR mix in Applied Biosystems 7900HT Real-Time PCR System. The mRNA expression from each sample was calculated by normalizing with endogenous control GAPDH. The experiments were repeated in triplicate to confirm the findings. The primers used in our study were provided as Table S2 in supplementary information.
Western blot analysis. The RAW264.7 cells treated with different concentrations of Huaier extract were washed twice with cold PBS and were lysed with lysis buffer on ice. The protein concentration was determined using a BCA protein concentration kit. 80 μ g of each samples were resolved in SDS-PAGE gels and then transferred onto a PVDF membrane (Millipore, Bedford, MA, USA). The membrane was blocked with 5% nonfat milk for 1 h at RT and then incubated with primary antibody overnight at 4 °C. After washing with PBST, the membrane was incubated with the secondary antibody conjugated with HRP and the proteins were detected by a chemiluminescence system (ECL kit).
Statistical analysis. Data are presented as the mean ± standard error of the mean (SEM). Statistical com-
parisons between 2 samples were performed using the Student's t-test. A P-value less than 0.05 was considered statistically significant. The SPSS version 18.0 software was used for statistical analysis.
Results
Huaier extract decreases M2 macrophage infiltration into the breast cancer microenvironment. It has been reported that Huaier exhibited anti-tumor and immunomodulatory effects 9 . We observed that the proliferation and size of tumors in the Huaier group was significantly reduced compared to control group (Fig. 1A ,B,F), suggesting that Huaier could inhibit the growth of tumors in syngeneic models.
Previous studies have shown that M2-polarized macrophages infiltration plays a critical role in the tumorigenic and invasive progress, which could be a potential target of anti-cancer therapy 16 . To test whether Huaier extract could also inhibit tumor progression via the inhibition of M2 macrophages infiltration in tumor microenvironment, we first tested the influence of Huaier extract on macrophage motility. RAW264.7 cells were pre-treated with 0, 4, 8 mg/ml Huaier extract for 48 h. Migration assay showed that Huaier treatment could significantly inhibit the motility of RAW264.7 cells in a dose dependent manner (Fig. 1D,H) . We also examined the RAW264.7 cell migration response to conditioned medium from different concentration (0 mg/ml, 4 mg/ml, 8 mg/ml) treated breast cancer 4T1 cells. We found that the migration of RAW264.7 cells was greatly decreased in the conditioned medium from Huaier-treated 4T1 cells in a dose-dependent manner (Fig. 1E,I ). To understand the mechanism, 4T1 cells were treated with Huaier extract for 48 h, and 4T1 cell-secreted CSF-1, GM-CSF and VEGF were examined for their chemotactic effect on macrophages (Fig. 1J ) 17 . Our data demonstrated that Huaier extract could not only decrease the motility by directly act on macrophages, but also inhibit the tumor-induced chemotaxis of macrophages. To further examine the number of M2-positive macrophages in vivo, immunohistochemical assay against CD206, which is the marker of M2 macrophages, was performed. As shown in Fig. 1C ,G, number of CD206-positive macrophages in the tumor was significantly reduced after treatment with Huaier. In summary, these results showed that Huaier extract could decrease macrophage infiltration in breast cancer microenvironment.
Huaier extract inhibits M2 macrophages polarization and promotes macrophages phagocytosis. TAMs are often characterized as displaying an M2 phenotype 4 , which could facilitate the tumor progression and are negatively correlated with patients prognosis in breast cancer 2 . Previous studies have shown that naïve macrophages could be quickly polarized to M2 phenotype in tumor microenvironment 18 . To determine whether Huaier extract could inhibit the M2 polarization of RAW264.7 cells, several previously identified M2 macrophage markers were used, including CD206, mannose receptor C-2 (Mrc-2), arginase-1 (Arg-1), and IL-10 [19] [20] [21] . The naïve RAW264.7 macrophages were treated with LPS + IFN-γ (negative control), IL-4 + IL-13 (positive control) or IL-4 + IL-13 + 4, 8 mg/ml Huaier extract for 48 h. As shown in Fig. 2A , compared with the positive control, the mRNA expression level of the M2 macrophages markers was significantly reduced after treating with Huaier extract. Because CD206 is the M2 phenotype marker, we further examined the expression of CD206 using immunofluorescence. Consistent with our previous results, the fluorescence intensity was significantly decreased in a dose-dependent manner (Fig. 2B) proinflammatory cytokine expressed by the macrophages, and thus could promote the immune response within the tumor microenvironment.
Phagocytosis of antigens, pathogens and dying cells is one of the most important roles of macrophages. To assess whether pre-treated with Huaier could alter the phagocytic activity, FITC-Dextran was used as a model antigen and its uptake was measured by FACS. RAW264.7 cells were pretreated with LPS + IFN-γ (positive control) and Huaier extract(0 mg/ml, 4 mg/ml, 8 mg/ml). As shown in Fig. 2C , pre-treated with Huaier extract could remarkably enhance the uptake of dextran by RAW264.7 macrophages in a dose-dependent manner. Finally, we determined the protein levels of Arg-1 and iNOS in M2 macrophages treated with different concentrations of Huaier extract. As shown in Fig. 2D ,E, the expression of M2 marker Arg-1 was significantly reduced after treated with Huaier extract while the M1 marker iNOS was increased. Our results demonstrated that Huaier extract could regulate the polarization of macrophages.
Huaier extract inhibits RAW264.7 induced angiogenesis and decreases MMP2/MMP9/VEGF expression. It is well known that forming new blood vessels is an essential step in tumor development.
Without blood supply, the tumor volume will not exceed 1-2 mm 3 22,23 . We first verified the anti-angiogenic effect of huaier extract in vivo using IHC to anti-CD31 antibody. As shown in Fig. 3A ,B, number of new blood vessels in Huaier group was remarkably reduced compared with the control group. Because macrophages play a critical role in the angiogenesis progress of the tumor 17 , we explored whether the anti-angiogenic effect of Huaier extract was partly induced by targeting macrophages. RAW264.7 cells were treated with Huaier extract (0 mg/ml, 4 mg/ml and 8 mg/ml) for 48 h and conditioned medium (RAW264.7-CM) were collected. Migration assay using HUVEC and RAW264.7-CM showed a decreased chemotactic effect of Huaier-treated macrophages on vascular endothelial cells (Fig. 3C) . As an essential step for angiogenesis, the formation of tube-like structures involves in matrix degradation, rearrangement and apoptosis of endothelial cells 10 . As shown in Fig. 3D ,F, number of complete network structures was significantly decreased in a dose-dependent manner, showing that Huaier extract could inhibit macrophages induced formation of vascular structure. To verify the effect of Huaier extract on the macrophages induced angiogenesis ex vivo, we further performed CAM assay. After incubation in 38 °C for 72 h with different RAW264.7-CM, new vessels were remarkable reduced in a dose-dependent manner, with the CM from 8 mg/ml-treated RAW264.7 cells showing the minimal formation of new vessels (Fig. 3E) . Matrix metalloproteinases (MMPs) are proteolytic enzymes that remodel the extra-cellular matrix as part of an inflammatory response. One of the major MMP species in the vasculature is the gelatinases (MMP2 and MMP9), which can regulate vascular matrix remodeling 24 . Due to the important role of MMP9, MMP2 and VEGF in the progress of angiogenesis, we further examined the expression of MMP9, MMP2 and VEGF using RT-PCR and western blotting. As shown in Fig. 4A -C, after treating with Huaier extract for 48 h, the expression of MMP9, MMP2 and VEGF was significantly reduced both in mRNA and protein levels in a dose-dependent manner. In summary, these results demonstrated that Huaier extract could inhibit the macrophages induced angiogenesis by decreasing expression of VEGF, MMP2 and MMP9, and thus inhibit the formation of new blood vessels in tumor. 
Discussion
Breast cancer is the leading malignant tumor among women. Conventional treatments include surgery, radiotherapy and chemotherapy 25 . However, most of the treatments cause irreversibly damage to patients. Recently, TCM has become a rich source for finding new drugs due to its novel role in killing tumor cells less intensively and more naturally, reducing toxic side-effects, improving quality of life, enhancing immune function as well as preventing recurrence and metastasis for cancer patients 7, 8 . One of the TCMs, Trametes robiniophila murr (Huaier) has been used in China for more than 1600 years, whereas its anti-tumor and immunomodulatory effects have only been studied in the past few years 9, 26 . Based on its immunomodulatory and anti-tumor effects, we assessed the effect of Huaier extract on the regulation of macrophages in tumor microenvironment using RAW264.7 murine macrophage cells. TAMs refers to macrophages in the tumor microenvironment which come from monocytes and can be attracted to the tumor tissue by chemotactic factors including VEGF, CSF-1, GM-CSF and so on 27 . Previous studies have shown that macrophages in tumor tissue predict a bad prognosis in patients 2, 28 . Qian et al. have reported that macrophages infiltration could lower the prognosis of patients in breast cancer, colon cancer, prostatic cancer and esophagus cancer 2 . In the present study, we explored whether Huaier could decrease the infiltration of M2-macrophages in vitro and in vivo. Transwell migration assay confirmed that with the Huaier extract, the number of RAW264.7 macrophages cells migrated was remarkably decreased in a dose-dependent manner, showing that Huaier extract could inhibit the M2-macrophages infiltration by targeting macrophages themselves or tumor cells (Fig. 1D,E,H,I ). The mRNA levels of CSF-1, GM-CSF and VEGF also verified our results (Fig. 1J) . The number of M2-macrophages infiltration was also tested in vivo, as shown in Fig. 1C ,G. The number of macrophages was significantly reduced in the group treated with Huaier extract. In summary, the results proved our hypothesis that Huaier extract could inhibit the M2-macrophages infiltration.
Macrophages in tumor tissue were polarized to two phenotypes including fewer M1 and more M2 macrophages. The M1-polarized macrophages release cytokines such as TNF-α and IL-12, and have an anti-tumor effect; The M2-polarized macrophages express high levels of IL-10, Arg-1, CD206, VEGF, and EGF, which could promote the proliferation, metastasis, and angiogenesis of tumors 4, 5, 29, 30 . Previous studies have shown that infiltration of M2-macrophages is negatively related to patients' prognosis for their modulation of the tumor microenvironment by attenuating the anti-tumor immune response, remodeling the ECM, and enhancing angiogenesis 2, 28, 31 . In the present study, we demonstrated that Huaier could regulate the polarization of macrophages, which could inhibit M2-phenotype polarization and decrease the expression of M2-phenotype markers and increase the expression of M1-phenotype marker ( Fig. 2A,B,D,E) . Phagocytosis is the most important role of macrophages, as many studies have proved that increased phagocytic activity could inhibit the proliferation of tumor cells 32, 33 . We proved that after treating with Huaier extract, the phagocytic activity of RAW264.7 cells was significantly increased in a dose-dependent manner (Fig. 2C) . Taken together, we demonstrated that Huaier could regulate the polarization and phagocytic effect of macrophages and thus have an anti-tumor effect.
Angiogenesis is an indispensable step for the growth and metastasis of tumors and thus becomes a promising target in anticancer therapy. TAMs have been shown to play a critical role in modulating angiogenesis in the tumor environment and can release many pro-angiogenic factors such as MMP2/9 and VEGF 5, 17, 34 . Huaier has been reported to inhibit angiogenesis by directly targeting of vascular endothelial cells, but no report has been focused on the macrophages 10 . As shown in Fig. 3A ,B, we confirmed that Huaier could inhibit angiogenesis in vivo. Figure 3C showed a decreased chemotactic effect of RAW264.7-CM to vascular endothelial cells after treated with Huaier extract. Studies examined the effect of Huaier extract on the ability of forming tube-like structures (Fig. 3D,F) and new blood vessels (Fig. 3E) confirmed that Huaier could inhibit the macrophages-induced angiogenesis. As shown in Fig. 4 , RT-PCR and western blotting showed that Huaier could decrease the expression of MMP2, MMP9 and VEGF in both mRNA and protein levels, which confirmed that Huaier could inhibit the macrophages-induced angiogenesis.
Conclusion
In conclusion, Huaier is a potent anti-tumor and immunomodulatory drug, which could inhibit the infiltration of M2-macrophages in breast cancer microenvironment, regulate the polarization of TAMs, increase the phagocytosis, and decrease the angiogenesis of macrophages (Fig. 5) . These results suggested a new mechanism of Huaier extract on the inhibition of breast cancer cells and contributed to the application of Huaier on the clinical treatment of breast cancer patients. Further studies are needed to assess the detailed mechanisms and pathways to better understand the anti-tumor effect of Huaier. 
